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Introduction
This report is an update of the work on the Tc alloy waste form development characterization work at Pacific Northwest National Laboratory (PNNL) in fiscal year 2010. Recycling of spent or used nuclear fuel may offer some significant advantages over direct disposal into geologic repository in terms of materials recovery and volume reduction [1] . Nevertheless, the environmental issues associated with the disposal of long-lived radioisotopes, such as 99 Tc (t 1/2 = 2.13 × 10 5 a), is unlikely to disappear and may require the production of suitably durable nuclear waste forms. Better engineered nuclear waste forms are being considered for specific waste streams. The behavior of the advanced waste forms need to be evaluated in terms of the full range of environmental conditions that are possible within a repository setting [2] . Changes in environmental conditions are expected, and may originate from the waste forms themselves (e.g., heat, radiation damage, waste form corrosion), or may reflect the natural variability of the repository setting (e.g., water seepage rates, mechanical stability). In some cases, the environmental setting may directly reflect the durability of the waste form itself. It is important to have a good understanding of the microstructure of the waste forms to develop effective models for long-term corrosion and to build scientific basis for the disposal strategy.
Metallic waste forms have been previously developed by Idaho National Laboratory (INL) for the Experimental Breeder Reactor-II wastes [3] [4] [5] . The minimum additive waste stabilization approach is being utilized to produce a metal waste form that both addresses the performance goals and minimizes the amount of additional materials that needs to be added to make a durable material. Previous work had revealed a complex microstructure with multiple phases in the FeMo-Zr system for metallic waste form alloys [6] . In this study, a 48wt% Fe, 38 wt% Mo, with 14 wt% Re alloy (termed FeMo-Re alloy in this paper) and a 52 wt% Fe, 41 wt% Mo with 7 wt% Tc (termed FeMo-Tc alloy) were prepared at INL [7] . The UDS samples contained Pd and Rh in addition to Fe, Mo, and Re. All samples were analyzed for further with electron microscopy. 
Experimental Procedure
The ingots were prepared at INL with a defined composition of 71.3 wt% 316SS-5.3 wt% Zr-13.2 wt% Mo-4.0 wt% Ru-6.2 wt% Re [7] . For SEM, a section of the ingot was prepared as a metallographic mount and final polished on a vibratory Syntron, first with one micrometer diamond on a nylon lapping cloth and then with colloidal silica on a super fine felt cloth. For TEM, 3-mm diameter slices were diamond polish dimpled (first with 6-micron diamond paste and then with 0 to 2 µm cubic boron nitride (CBN) and ion milled using standard Gatan procedures. The metallic waste form sample was extremely brittle and during the first TEM sample preparation attempt, the thin-foil broke during handling. A second specimen was epoxy impregnated prior to final polishing and ion milling. The UDS samples were prepared using a Dual Beam Focused Ion Beam (FIB) instrument (FEI Helios NanoLab). This is discussed in more detail in a later section.
The metallic nuclear waste form samples were analyzed with an FEI (Hillsboro, OR, USA)
Quanta250 field emission gun scanning electron microscope equipped with a Oxford EDAX compositional analysis system and for TEM with a FEI Tecnai 30S-Twin transmission electron microscope with a LaB 6 filament operated at 200-300 keV and equipped with a Gatan (Gatan Inc., Pleasanton, CA) ORIUS™ digital camera and an EDS system. The electron diffraction camera lengths were calibrated using a MAG*I*CAL silicon standard, as were the length scales.
XRD was performed using a Scintag PAD V x-ray diffractometer. A sample of Zircaloy was used as a calibration check for the XRD system.
Diffraction patterns and electron micrographs were analyzed with Gatan DigitalMicrograph 
FeMo Characterization
Initial SEM analyses indicated both materials were multi-phase alloys (see Table 1 for the FeMo-Re and FeMo-Tc intermetallic phases. Electron diffraction patterns from the two samples (FeMo-Re and FeMo-Tc) are shown in Figure   3 .3 and Figure 3 .4. These were taken along the same zone axis and are a strong indication of the structural similarity of the two phases. The rectangular pattern in Figure 3 .3was indexed to the ̅ ] direction. Whereas, the partly hexagonal pattern in Figure 3 .4 was indexed to the ̅ direction for MoFe 2 .
(i) (ii) There was a large low angle background in the XRD scan from the FeMo-Tc sample analysis.
This made comparison of the materials difficult. Indeed, there were little obvious similarities of the two materials. It should be noted that the FeMo-Re material contained an almost pure Mo phase, and that the nature of the sample preparation for XRD and the problems associated with handling Tc metal specimens may have resulted in other differences between the two materials.
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UDS Characterization
The UDS samples were prepared by Dual Beam FIB etching. The FIB prepared sample of the UDS alloy described previously was thinned to electron transparency with a 1 keV Ar ion beam. However, instead of thinning the material tended to erode at the edge with little overall thinning to improve the quality of the sample (see Figure   4 .1). The sample was attached to a copper grid and then analyzed. Three phases were found in the sample. An Fe phase, the intermetallic Fe 2 Mo, and the Pd-Re phase (see Figure 4 .2). In the presence of the UDS material, all Re appeared to be incorporated into the Pd-rich phase rather than the intermetallic. Observation with TEM revealed a relatively plain microstructure with no obvious features. the concentration of Re to non-detectable levels in the intermetallic phase and led to a threephase system in the alloy. It might be expected that Tc will also partition to the UDS rich components. The sample was analyzed in the TEM but proved to be too thick for useful analyses. Figure 1) . The R-phase with a composition around Fe 3 Mo 2 occurs between 1200°C and 1488°C [12] . Doi et al. [13] used TEM to investigate the R-phase through arc-melting followed by quenching and then heat treatment at 1250°C to simulate the bcc → bcc + R reaction. The hexagonal C14-phase Fe 2 Mo, forms through a peritectoid transformation at 950°C [14] . Equilibrium between α-Fe (bcc) and the Ishikawa et al. [15] , the composition of the intermetallic phases in FeMo-Re and FeMo-Tc alloy samples in this study were similar. Ishikawa et al. [15] showed XRD evidence for the presence of the C14 intermetallic phase (λ). Hence, the result in this study is also consistent with the findings reported in [15] . The importance of C14 Laves intermetallics in metallic waste forms for the incorporation of fission products and actinides has been noted in this study and in others [2, 16, 17] . Although compositionally different from the phases discussed in [2] , we have shown that the C14 Laves intermetallics are responsible for the incorporation of Tc within this Fe-Mo compositional range. However, with the presence of UDS stimulant elements (Pd and Rh), Re appears to be incorporated into these phases. The Pd-Rh phases are hexagonal close packed structures structurally similar to the 5-metal particles found in UO2 spent nuclear fuels.
In this study, we show that the behavior of Tc and Re in metallic alloys is also similar and that useful predictive assessments of Tc melt behavior may be possible by studying the nonradioactive Re system. In the UDS sample, the introduction of Pd and Rh, resulted in the 7.
